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Effective  thermoelectric  materials  and  devices  have  a  low  thermal  conductivity  and  a  high  electrical  con¬ 
ductivity.  The  performance  of  the  thermoelectric  materials  and  devices  is  shown  by  a  dimensionless  fig¬ 
ure  of  merit,  ZT.  The  purpose  of  this  study  is  to  improve  the  figure  of  merit  of  the  single  layer  of 
Ero.iFe19SbGeo.4  thin  film  used  as  thermoelectric  generators.  We  have  deposited  the  monolayer  of 
Ero.iFe19SbGeo.4  thin  film  on  silicon  and  silica  substrates  with  thickness  of  302  nm  using  ion  beam 
assisted  deposition  (IBAD).  Rutherford  backscattering  spectrometry  (RBS)  was  used  to  determine  the  total 
film  thickness  and  stoichiometry.  The  MeV  Si  ion  bombardments  were  performed  on  single  layer  of 
Er0.iFei.9SbGe0.4  thin  films  at  five  different  fluences  between  5  x  1013-5  x  1015  ions/cm2.The  defect 
and  disorder  in  the  lattice  caused  by  ion  beam  modification  and  the  grain  boundaries  of  these  nanoscale 
clusters  increase  phonon  scattering  and  increase  the  chance  of  annihilation  of  the  phonon.  The  increase  of 
the  electron  density  of  states  in  the  miniband  of  the  quantum  dot  structure  formed  by  bombardment  also 
increases  the  Seebeck  coefficient  and  the  electrical  conductivity.  We  measured  the  thermoelectric  effi¬ 
ciency  of  the  fabricated  device  by  measuring  the  cross  plane  thermal  conductivity  by  the  3rd  harmonic 
(3co)  method,  the  cross  plane  Seebeck  coefficient,  and  the  electrical  conductivity  using  the  Van  Der  Pauw 
method  before  and  after  the  MeV  ion  bombardments. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  materials  are  being  increasingly  important  due  to 
their  applications  in  thermoelectric  power  generation  and  micro¬ 
electronic  cooling  [1].  Effective  thermoelectric  materials  have  a 
low  thermal  conductivity  and  a  high  electrical  conductivity  [2]. 
The  introduction  of  the  phonon  glass-electron  crystal  concept  by 
Slack  has  focused  the  interest  of  many  researchers  on  materials 
called  as  skutterudites  for  thermoelectric  applications  [3].  Skutteru- 
dites  are  cubic  crystals  (space  group  Im3,  CoAs3  is  the  prototype) 
composed  of  a  cagelike  structure  that  have  large  voids  available 
within  the  structure  [4].  Slack  suggested  that  these  voids  could  be 
filled  with  atoms  that  would  be  loosely  bound  and  be  able  to  “rattle 
around”  within  the  cage  structure  and  scatter  a  large  range  of 
phonon  frequencies.  This  scattering  could  result  in  the  lower  lattice 
thermal  conductivity.  Moreover,  the  rare-earth  doping  through  the 
charge  compensation  techniques  to  enhance  the  electronic  proper¬ 
ties  is  performed.  A  general  formula  is  then  RECo4_xMxSbi2-yChy, 
where  RE  denotes  the  rare-earth  rattling  atom,  M  is  a  transition 
metal  and  Ch  is  an  atom  in  close  proximity  to  Sb  in  the  periodic  table 
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[5].  The  performance  of  the  thermoelectric  materials  and  devices  is 
shown  by  a  dimensionless  Figure  of  Merit,  ZT  =  S2(jTIk,  where  S  is 
the  Seebeck  coefficient,  a  is  the  electrical  conductivity,  T  is  the 
absolute  temperature,  and  k  is  the  thermal  conductivity  [6].  ZT  can 
be  increased  by  increasing  S,  increasing  a,  or  decreasing  k.  The  in¬ 
crease  in  ZT  leads  directly  to  improvement  in  the  energy  conversion 
efficiency  of  TE  generators  and  in  the  cooling  efficiency  of  Peltier 
modules  [7].  Ion  beam  mixing  has  been  widely  used  for  composi¬ 
tional  and  structural  modifications  of  materials  that  cannot  be  easily 
achieved  by  other  methods  [8].  By  considering  the  nanostructure 
formation  by  ion  bombardment  in  the  single  layer  of  Er0.i- 
Fei.9SbGe0.4  thin  film,  we  prepared  the  thermoelectric  (TE)  genera¬ 
tors  from  the  single  layer  of  Er0.iFei.9SbGe0.4  thin  film  at  the 
Alabama  A&M  University  (AAMU),  Center  for  Irradiation  of  Materi¬ 
als.  In  this  study,  we  report  the  effect  of  MeV  Si  ions  at  five  different 
fluences  on  thermoelectric  properties  of  the  single  layer  of  Er0.i- 
Fei.9SbGe0.4  thin  film  systems. 


2.  Sample  preparation  and  characterization 

We  have  grown  the  single  layer  of  Er0.iFei.9SbGe0.4  thin  film  of 
302  ±  30  nm  thick  on  silica  and  silicon  substrates  using  ion  beam 
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Fig.  1.  Geometry  of  the  single  layer  of  Ero.iFe19SbGeo.4  thin  film  from  the  cross- 
section  for  (a)  electrical  resistivity  by  Van  der  Pauw  method  and  thermal 
conductivity  by  3rd  harmonic  method  (b)  Seebeck  coefficient  measurement. 


assisted  deposition  (IBAD).  The  chamber  was  maintained  at  a  vac¬ 
uum  of  2  x  10_6Torr  during  the  deposition.  The  thickness  of  the 
thin  films  was  controlled  by  an  INFICON  deposition  monitor.  The 
film  geometry  used  for  the  deposition  of  the  single  layer  of  Er0.i_ 
Fei.gSbGeo.4  thin  film  is  shown  in  Fig.  1.  Fig.  1  shows  the  geometry 
of  the  sample  from  the  cross-section  for  (a)  electrical  resistivity  by 
Van  der  Pauw  method  and  thermal  conductivity  by  3rd  harmonic 
method  (b)  Seebeck  coefficient  measurement.  As  seen  from 
Fig.  1(b),  there  are  two  Au  contacts  on  the  top  and  bottom  of  the 
single  layer  of  Er0.iFei.9SbGe0.4  thin  film.  These  two  metal  (Au)  con¬ 
tacts  were  used  for  the  thermal  and  electrical  contacts  during  the 
Seebeck  coefficient  measurement.  The  size  of  the  single  layer  of 
Er0.iFei.9SbGeo.4  thin  film  for  Seebeck  coefficient  measurement  is 
2x7  mm.  The  size  of  the  single  layer  of  Er0.iFei  .9SbGe0.4  thin  film 
for  electrical  and  thermal  conductivity  measurements  is 
10x10  mm.  The  electrical  resistivity  measurements  were  carried 
between  300-580  K  temperature  ranges  while  Seebeck  coefficient 
(thermopower)  measurements  were  just  done  at  room  tempera¬ 
ture.  Using  a  Pelletron  accelerator  at  AAMU,  a  beam  of  proton  ions 
with  energies  5  MeV  was  scanned  sufficiently  at  room  temperature 
to  ensure  a  homogeneous  bombardment  on  the  sample  at  the  vac¬ 
uum  of  1  x  10_7Torr.  The  energy  of  the  bombarding  Si  ions  was 
chosen  by  the  SRIM  simulation  software  (SRIM)  [9].  The  five  differ¬ 
ent  fluences  used  for  the  bombardment  were  5  x  1013,  1  x  1014, 
5  x  1014,  1  x  1015  and  5  x  1015  ions/cm2.  In  order  to  determine 
the  stoichiometry  of  the  each  element  in  the  single  layer  of  Er- 
FeSbGe  thin  film,  an  identical  single  layer  of  ErFeSbGe  thin  films 
were  grown  on  a  glassy  polymeric  carbon  (GPC)  substrate  for  Ruth¬ 
erford  backscattering  spectroscopy  (RBS)  analysis.  Rutherford 
backscattering  spectroscopy  (RBS)  measurement  was  performed 
using  2.1  MeV  He+  ions  in  an  IBM  scattering  geometry  with  the 
particle  detector  placed  at  170°  from  the  incident  beam  to  monitor 
the  film  thickness  and  stoichiometry  before  and  after  5  MeV  Si  ions 
bombardments  [9,10]. 


3.  Results  and  discussion 

He  (when  the  source  is  He)  RBS  spectra  and  RUMP  simulation  of 
the  as-deposited  single  layer  of  Er0.iFei.9SbGe0.4  thin  film  on  a 
glassy  polymeric  carbon  (GPC)  substrate  are  shown  in  the  Fig.  2. 
Each  element  used  in  the  deposition  is  revealed  in  the  RBS  spectra. 
The  RUMP  [11]  software  has  been  used  to  specify  the  composition 
of  each  element.  RUMP  simulation  gave  the  stoichiometry  as 
Er0.iFei.9SbGe0.4  for  the  single  layer  thin  film.  The  measured  elec¬ 
trical  resistivity  values  using  Van  der  Pauw  technique  between 
300-580  K  temperature  ranges  are  given  in  the  Fig.  3.  As  seen  from 
Fig.  3,  the  room  temperature  resistivity  value  of  unbombarded 
sample  is  4.30  x  10_4Qcm  for  the  Er0.iFei.9SbGe0.4  single  layer 
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Fig.  2.  He  RBS  spectra  and  RUMP  simulation  for  the  single  layer  of  Er0.iFei.9SbGe0.4 
thin  film  on  GPC  substrate. 
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Fig.  3.  Electrical  resistivity  values  of  the  single  layer  of  Er0.iFe19SbGeo.4  thin  films 
depending  on  temperatures. 


thin  film  and  the  room  temperature  resistivity  values  change  be¬ 
tween  the  maximum  range  of  4.30  x  10-4  and  the  minimum  range 
of  3.11  x10_4Q  cm  for  the  5  MeV  Si  ion  bombarded  Er0.i_ 
Fei  .9SbGe0.4  single  layer  thin  films.  These  values  are  approximately 
5-6  times  smaller  in  the  order  with  respect  to  Fe  and  Co  based  bin¬ 
ary  and  ternary  skutterudites  [12].  As  seen  from  Fig.  3,  while  the 
single  layer  of  Er0.iFei.9SbGe0.4  thin  films  were  being  bombarded, 
the  electrical  resistivity  values  were  decreased  for  all  samples. 
The  ion  bombardment  seems  to  cause  the  narrowing  of  the  energy 
gap  between  the  conduction  and  valance  bands,  therefore  allowing 
for  an  increased  number  of  majority  charge  carriers  in  the  material 
and  an  increase  in  the  electrical  conductivity.  The  decrease  in  the 
electrical  resistivity  means  increase  in  the  electrical  conductivity. 
This  is  one  of  the  desired  properties  of  the  thermoelectric  devices 
and  materials  [13]. 

Fig.  4  shows  the  thermoelectric  properties  of  the  single  layer  of 
Er0.iFei.9SbGe0.4  thin  films.  Fig.  4a  shows  the  fluence  dependence 
of  the  square  of  Seebeck  coefficients  for  the  single  layer  of 
Er0.iFei.9SbGe0.4  thin  films.  For  the  unbombarded  sample  of  the 
single  layer  of  Er0.iFei.9SbGe0.4  thin  film,  the  Seebeck  coefficient 
(thermopower)  is  equal  to  -30.12  pV/K.  The  negative  thermopow- 
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Fig.  4.  Thermoelectric  Properties  of  the  single  layer  of  Ero.iFe19SbGeo.4  thin  films 
depending  on  fluences. 


er  values  specify  the  compositions  as  n-type  ternary  skutterudites 
and  the  electrons  are  expected  to  be  the  main  charge  carriers  in  the 
single  layer  of  Er0.iFei.9SbGe0.4  thin  films.  The  Seebeck  coefficient 
increased  until  -69.43  pV/K  at  the  fluence  of  5  x  1013  ions/cm2, 
and  then  decreased  to  -38.27  pV/K  at  the  fluence  of 
5  x  1014  ions/cm2.  After  the  fluence  of  5  x  1014  ions/cm2,  the  See¬ 
beck  coefficient  increased  up  to  -52.96  pV/K  at  the  fluence  of 
1  x  1015  ions/cm2.  After  the  fluence  of  1  x  1015  ions/cm2,  the  See¬ 
beck  coefficient  decreased  to  -30.12  pV/K  at  the  fluence  of 
5  x  1015  ions/cm2.  The  increase  in  the  Seebeck  coefficient  is  one 
of  the  expected  properties  of  thermoelectric  materials  and  devices. 
The  requirement  of  a  high  Seebeck  coefficient  is  natural  since  it  is  a 
measure  of  the  average  thermal  energy  which  is  carried  per  charge 
(electron  or  hole)  [14]. 

Fig.  4b  shows  the  electrical  conductivity  change  of  the  single 
layer  of  Ero.iFe19SbGe0.4  thin  films  depending  on  the  applied  flu¬ 
ence  of  5  MeV  Si  ion  bombardments.  As  seen  from  Fig.  4b,  the  elec¬ 
trical  conductivity  started  to  increase  from  the  virgin  case  until  the 
fluence  of  5  x  1013  ions/cm2,  and  then  decreased  until  the  fluence 
of  1  x  1014  ions/cm2.  After  the  fluence  of  1  x  1014  ions/cm2,  the 
electrical  conductivity  increased  to  the  value  of  3.22  x  105 
(Qm)-1  at  the  fluence  of  5  x  1014  ions/cm2.  After  the  value  of 
3.22  x  105  (Q  m)_1,  the  electrical  conductivity  value  decreased  un¬ 
til  the  fluence  of  1  x  1015  ions/cm2  and,  then  it  started  to  increase 


again  after  the  fluence  of  5  x  1015  ions/cm2.  This  shows  that  ion 
bombardment  caused  an  increase  in  the  electrical  conductivity  un¬ 
til  one  certain  fluence  was  reached.  While  the  virgin  sample  is 
being  bombarded  with  the  5  MeV  Si  ions,  the  numbers  of  the 
charge  carriers  in  both  the  conduction  and  valence  bands  increase. 
This  might  cause  shorter  energy  gap  between  the  conduction  and 
valence  bands.  The  shorter  energy  gap  causes  increase  in  the  elec¬ 
trical  conductivity  [13].  Fig.  4(c)  shows  the  thermal  conductivity 
change  of  the  single  layer  of  Er0.iFei.9SbGe0.4  thin  films  depending 
on  the  fluence  of  applied  5  MeV  Si  ions  bombardment.  As  seen 
from  Fig.  4c,  the  thermal  conductivity  started  to  increase  until 
the  fluence  of  5  x  1014  ions/cm2.  At  the  fluence  of  5  x  1014ions / 
cm2,  it  got  the  highest  value  of  3.6W/mK.  After  the  fluence  of 
5  x  1014  ions/cm2,  the  thermal  conductivity  decreased  until  the  va¬ 
lue  of  0.61  W/mK  at  the  fluence  of  1  x  1015  ions/cm2.  After  the  flu¬ 
ence  of  1  x  1015  ions/cm2,  the  thermal  conductivity  increased  until 
the  value  of  2.79  W/mK  at  the  fluence  of  5  x  101 5  ions/cm2.  As  seen 
from  Fig.  4(b)  and  (c)  of  the  electrical  conductivity  and  thermal 
conductivity  of  the  single  layer  of  Er0.iFei.9SbGe0.4  thin  films,  the 
high  energy  ion  bombardments  can  produce  nanostructures  and 
modify  the  property  of  the  thin  films  [15],  resulting  in  lower  ther¬ 
mal  conductivity  and  higher  electrical  conductivity  when  the  suit¬ 
able  fluences  are  chosen.  Fig.  4(d)  shows  the  figure  of  merit  change 
of  the  single  layer  of  Er0.iFei.9SbGe0.4  thin  films  depending  on  the 
applied  fluence.  As  seen  from  Fig.  4(d),  the  figure  of  merit  at  virgin 
case  of  0.15  has  increased  when  the  first  fluence  of  5  x  1013  ions / 
cm2  was  introduced  up  to  0.59.  After  the  fluence  of  5  x  1013  ions/ 
cm2,  the  figure  of  merit  value  decreased  until  the  fluence  of 
5  x  1014  ions/cm2.  After  the  fluence  of  5  x  1014  ions/cm2,  the  figure 
of  merit  increased  up  to  0.36  at  the  fluence  of  5  x  1015  ions/cm2.  As 
seen  from  Fig.  4,  our  thermoelectric  properties  have  been  affected 
from  the  ion  beam  bombardment.  We  expect  low  thermal  conduc¬ 
tivity,  higher  electrical  conductivity  and  higher  figure  of  merit. 
Depending  on  the  applied  suitable  fluence,  we  could  be  able  to 
get  some  expected  parameters. 

4.  Conclusion 

The  single  layer  of  Er0.iFei  .9SbGe0.4  thin  films  have  n-type  of  See¬ 
beck  coefficients  which  were  increasing  at  more  or  less  magnitude 
with  the  increasing  amount  of  suitable  fluences.  Electrical  resistiv¬ 
ity  values  are  approximately  5-6  time  smaller  in  the  order  with 
respect  to  Fe  and  Co  based  binary  and  ternary  skutterudites  [12]. 
That  means  that  the  electrical  conductivity  values  are  really  high 
with  respect  to  them.  The  MeV  Si  ion  bombardments  at  different 
fluences  have  affected  the  electrical  conductivity.  As  the  electrical 
conductivity  values  were  increasing  while  the  bombardment  flu¬ 
ences  were  increasing.  The  defect  and  disorder  in  the  lattice  caused 
by  bombardment  and  the  grain  boundaries  of  these  nanoscale  clus¬ 
ters  might  increase  phonon  scattering  and  increase  the  chance  of 
annihilation  of  the  phonon.  The  increase  of  the  electron  density  of 
states  in  the  miniband  of  the  quantum  dot  structure  formed  by 
bombardment  also  increases  the  Seebeck  coefficient  and  the  elec¬ 
trical  conductivity  [16].  The  high  energy  ion  bombardment  can  pro¬ 
duce  nanostructures  and  modify  the  property  of  thin  films  [15], 
resulting  in  lower  thermal  conductivity  and  higher  electrical  con¬ 
ductivity  at  the  suitable  fluences. 
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